Granites of the Thien Ke pluton that are exposed in the Tam Dao region are of sub-alkaline affinity, belong to the high-K calc-alkaline series, and display typical features of S-type granite. The rocks have high ASI values of 1.14-1.41 and are characterized by high initial 87 Sr/
INTRODUCTION
The study area, the Tam Dao region in NE Vietnam, is located between the South China and Indochina Blocks (e.g., Lepvrier et al., 2004) and belongs to the An Chau zone (Dovjikov, 1965) (Fig. 1) . Therefore, it is in a key position for understanding the tectonic evolution of South Eastern Asia. The tectonic evolution of the Tam Dao region, and of northern Vietnam, is not as well understood due to limited geochronological and geochemical data. It is well known that the early Paleozoic orogeny or the Caledonian orogeny occurred widely in the South China block, particularly in the Jiangxi and Yuannan provinces, South China (Guo et al., 2009; Zhang et al., 2010) . However, it is still not clear whether this orogeny or tectonothermal event occurred in North Vietnam. Granitoids in the Tam Dao region are represented by four plutons: (1) the Thien Ke, (2) the Da Lien, (3) the Nui Dieng, and (4) the Nui Phao (Fig. 2) . The first two plutons were petrographically and mineralogically assigned to the Pia Oac complex, while the last two are grouped to the Nui Dieng complex (Izokh, 1965) . The granitoids of the Nui Dieng and Pia Oac complexes were formally considered to be of Triassic and Cretaceous to Paleogene in age, respectively (e.g., Izokh, 1965; Cu, 1969; Minh, 1976; Tung and Tri, 1992) . Thus far, only mineral K-Ar and Ar-Ar ages and Rb-Sr mineral ages were reported for these granitoids (Cu, 1969; Anh et al., 2002; Sao and Kiem 2004; Sanematsu and Ishihara, 2011) . However, in these studies minerals used for dating were partly altered. Therefore, the data show a large scatter in ages.
For granite of the Thien Ke pluton, only K-Ar biotite age of 65 Ma was reported (Cu, 1969) , but this age was provided without analytical procedures or supporting data table. Furthermore, key data to identify the type and origin of the Thien Ke granite, including geochemical and isotopic data, are not available. Hence, knowledge about the genesis and emplacement time is still limited. The purpose of this study is to use geochemistry and precise geochronology to evaluate the petrogenesis and to re-examine the emplacement age of the Thien Ke granite. Our U-Pb zircon age results contribute invaluable information to understanding the tectonic evolution of southeastern Asia in general and of northeastern Vietnam in particular.
REGIONAL GEOLOGY
East and Southeast Asia comprise different terrains and blocks, which were derived from the northern margin of Gondwanaland (Leloup et al., 1995 (Leloup et al., , 2001 Findlay, 1997, Findlay and Trinh, 1997; Nam, 1998; Fan and Chen, 2000; Carter et al., 2001; Golonka et al., 2006; Hieu et al., 2012 Hieu et al., , 2013 . Successive rifting and breakup of Gondwanaland formed several continental blocks during Paleozoic and Mesozoic times. The northward movement of these blocks resulted in the amalgamation of present-day SE Asia. 
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Lo Gam zone China China Figure 1 . Geological sketch map of northern Vietnam and location of study area (modified after Tri, 1979 , Hieu et al., 2012 . The Tam Dao region is made up of the Thac Ba Precambrian basement rocks, Paleozoic and Mesozoic sedimentary rocks, and granitoids with different ages. The basement rocks exposed in the SW part of the region consist of amphibolite-facies metamorphic rocks, migmatites, gneisses, and mica schists (Cu, 1969; Minh, 1976; Tung and Tri, 1992) . The basement is largely covered by Paleozoic and Mesozoic sedimentary rocks. The Paleozoic rocks mainly consist of limestones, sandstones, and shales. Mesozoic rocks unconformably cover the pre-Devonian rocks and are chiefly composed of sandstones, siltstones, and magmatic rocks. The magmatic rocks are mainly distributed in the central and NE parts of the study area and were formally divided into the Pia Oac (Da Lien and Thien Ke plutons) and Nui Dieng (Nui Dieng and Nui Phao plutons) complexes, which were considered to be products of the Yanshanian and Indosinian tectonothermal events, respectively. In northern Vietnam, evidence of Mesozoic magmatism was reported by many geologists (e.g., Anh et al., 2002; Lepvrier et al., 2008; Nakano et al., 2008 Nakano et al., , 2010 Hieu et al., 2013; Thuy and Chung 2013) , but Caledonian igneous activity has not yet been recognized. In recent years, some Caledonian granites were reported in the Song Chay area, NE Vietnam (e.g., Roger et al., 2000; Yan et al., 2006) , in NW Vietnam (Nguyen et al., 2005) and in central Vietnam (Nagy et al., 2001; Nakano et al., 2013) .
In the Tam Dao region, there has been little work on the geochemistry and geochronology as well as on tectonic setting for granitoids. The Thien Ke pluton exposed in the southwestern part of the study area covers an area of about 5 km 2 and is bounded by the NW-SE fault on the SW side and by Triassic volcanic rocks (rhyolitesdacites) on the other sides (Fig. 2) . Field observation of the rocks of the Thien Ke pluton shows cataclastic deformation along the fault, but the direct contact between this pluton and the Triassic volcanic rocks is not clearly observed due to strong alteration and thick tropical vegetation (Cu, 1969; Tung and Tri, 1992) .
PETROGRAPHY
Three samples were collected from the Thien Ke pluton and their locations are shown in Figure 2 . Petrographically, rocks of this pluton are mainly medium-to coarsegrained granite displaying porphyritic textures with Kfeldspar phenocrysts. They are slightly foliated and dark-grey in color due to the presence of smoky quartz. The major rock-forming mineral assemblage of the granite is quartz (35-38%), K-feldspar (28-35%), plagioclase (22-25%), muscovite (5-8%), and biotite (2-5%). Zircon and apatite are common accessory phases (Fig. 3) .
ANALYTICAL TECHNIQUES Major and trace element analyses
Fresh rock samples were crushed and then powdered in an agate mill to a grain size of <200 mesh for major and trace element analysis. The powdered samples were dried at 105°C for 4 h before weighing. Major element abundances were determined by wavelength X-ray fluores- cence (XRF) spectrometry at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGG CAS). Loss on ignition (LOI) was calculated after heating the sample powder to 1000°C for 1 h. Major element analyses were performed on fused glass discs, which were made from whole-rock powder mixed with lithium tetraborate and fused at 1150°C. Total iron concentration is expressed as Fe 2 O 3 . The analytical uncertainty is generally less than 5%. The trace elements and REEs were determined by an Agilent 7500a ICP-MS at the University of Science and Technology of China in Hefei, using a mixture of HF-HNO 3 . The samples in Teflon bombs with stainless steel jacket were heated for 48 h at 195°C, evaporated on a hot plate at 145°C, re-dissolved with 2 mL of distilled HNO 3 and dried again, and then digested with 3 mL of 30% HNO 3 at 195°C for 12 h in the electric oven. Finally, dissolved samples were diluted to 80 g with 2% HNO 3 prior to analyses. The analytical uncertainty is less than 5% for all measured elements.
Sr-Nd and Pb isotopes
For determination of Sr and Nd isotopic ratios, approximately 50 mg of whole-rock powder was used. The samples were decomposed in a mixture of HF-HClO 4 in Teflon beakers in steel jacket bombs at 180°C for six days to ensure the decomposition of refractory phases. Sr and Nd were separated by conventional ion exchange techniques and their isotopic compositions were measured on a Finnigan Liu et al. (2008 Liu et al. ( , 2010 . Laser sampling was performed using a GeoLas 2005 coupled with an Agilent 7500a ICP-MS instrument. A laser spot size of 32 µm and a laser repetition of 6 Hz were used during the analyses. Quantitative calibration for trace element analyses and UPb dating were performed by ICPMS DataCal (Liu et al., 2008 (Liu et al., , 2010 . Zircon 91500 was used as an external standard for U-Pb dating and was analyzed twice every five analyses. Analysis of zircon 91500 gave nearly concordant U-Pb ages of 1065.7 ± 2.3 Ma, which is consistent with the reported U-Pb age of 1065.4 ± 0.3 Ma obtained in different laboratories (Wiedenbeck et al., 1995) . Concordia diagrams and weighted mean calculations were made using the Isoplot Program of Ludwig (2003) . Uncertainties in ages are quoted as 95% confidence levels.
ANALYTICAL RESULTS

Major and trace elements geochemistry
Analytical data for major and trace elements of three samples are given in Table 1 . The Thien Ke granite is characterized by high SiO 2 and low MgO, and low abundances of some high-field-strength elements (Nb, Ta, and Ti). In terms of normative mineralogy, rocks of the Thien Ke pluton have granitic compositions (Fig. 4) . All samples are of sub-alkaline affinity and belong to the high-K, calc-alkaline series. The A/CNK versus A/NK diagram (Maniar and Piccoli, 1989) defines the rocks as peraluminous, and of S-type character (Fig. 5a ). This character is also observed in the diagram of Na 2 O versus K 2 O (Fig.  5b , White and Chappell, 1983) . The chondrite-normalized REE patterns of all analyzed samples are characterized by strong fractionation between the light and heavy REEs [(La/Yb)n = 38-54] and strong negative Eu-anomalies (Eu/Eu* = 0.11-0.14) (Fig. 6a) . The primitive mantle-normalized spidergrams show enrichment in large ion lithophile (LIL) elements (e.g., Rb and K) and exhibit distinct negative anomalies for some high-field-strength (HFS) elements (Nb and Ti) (Fig. 6b) .
Nd-Sr-Pb isotopic composition
Analytical results of whole-rock Rb-Sr, Sm-Nd, and PbPb isotopic composition of three samples are given in Table 2 and displayed in Figure 7 . ).
U-Pb data
The CL images of typical zircon populations from dated samples are displayed in Figure 8 . Crystals range from 80-200 µm in length with ratios of length to width from 2:1 to 3:1. Most of the zircon grains are euhedral and show oscillatory zoning that indicates an igneous origin. The thick and dark rims are observed in zircon grains 8, 10, and 17 of sample TK-101, which yield younger 206 Pb/ 238 U ages (Fig. 8) . This can be explained by recrystallization of zircons. Re-crystallization of zircon domains can be inferred from the absence of zoning or by stronger luminescence (Pidgeon, 1992) . Inherited zircon cores can be seen in grains 05, 07, and in grains 18 and 19 of samples TK-101 and TK-102, respectively, which have different internal structures from the others and yield older ages. a) b) Figure 5 . (a) A plot of Shand's index for the Thien Ke granite. Discrimination fields for different types of granite (Shand, 1927, Maniar and Piccoli, 1989) U-Pb analytical data are given in Table 3 and are displayed in concordia diagrams in Figures 9a and 9b .
Sample TK-101. Eighteen zircon grains were analyzed from this sample. All analyzed zircon grains yielded concordant or nearly concordant U-Pb ages (Fig. 9a) (14.37-16.34 wt%), and low TiO 2 (0.11-0.22 wt%), MgO (0.14-0.21 wt%), and CaO (0.48-0.67 wt%). All analyzed samples belong to high-K, calc-alkaline series. The A/CNK versus A/NK diagram defines the rocks as peraluminous with aluminum saturation indices (ASI) >1.1 indicating highly felsic S-type granite (Chappell and White, 1974; Chappell, 1999 ). Petrogenetic models proposed for the origin of S-type granites fall into two broad categories: (1) partial melting of metasedimentary rocks (e.g., Chappell and White, 1974; McCulloch and Chappell, 1982; Miller, 1985; Harris et al., 1986; Chappell et al., 1988; Vielzeuf and Holloway, 1988; Patĩno Douce, 1996 ; (2) extensive fractionation of mantle-derived magma (e.g., Rudnick and Presper, 1990; Altherr et al., 2000) . The second model is considered to be unlikely for the origin of the Thien Ke granite, because rock compositions do not rep- resent a fractionation sequence from basalt to granites (all studied samples have SiO 2 content >63%). It is also unlikely that the granite represents a mixture of basaltic and granitic melts, as coeval basalts are absent in the Tam Dao region. The Thien Ke granite is peraluminous in composition, has pronounced negative Nb and Ti anomalies, and is enriched in Rb, K, and La. All these features, in conjunction with high initial Sr-isotope ratios (0.7267-0.7272) and low ε Nd values at 456 Ma (−6.5 to −8.4), suggest an origin involving reworking of old felsic crustal sedimentary rocks (Chappell and White, 1974, 1992; Harris et al., 1986; Searle and Fryer, 1986) . Any contribution of mantle material was probably of minor importance during the genesis of the granite. Therefore, it can be argued that inherited zircon ages and whole rock Nd, Sr, and Pb isotopic characteristics of the granite reflect the characteristics of the basement rocks of the Tam Dao region. These basement rocks should be Paleoproterozoic to Neoproterozoic in age, as indicated by T DM model ages and inherited zircon ages, ranging from 1.81 to 1.86 Ga and 721 Ma Table 3 . LA-ICP-MS zircon U-Pb dating results for the Thien Ke granite to 1876 Ma, respectively. Thus, the Thien Ke granite could have been derived by partial melting of Paleoproterozoic to Neoproterozoic crustal material of the underlying basement.
Emplacement age of the Thien Ke pluton
Single zircon grains yielded 206 Pb/ 238 U ages ranging from 201 Ma to 1876 Ma, roughly corresponding to four time periods: (1) Mesozoic (201-266 Ma), (2) Paleozoic (377-525 Ma), (3) Neoproterozoic (721-891 Ma), and (4) Paleoproterozoic (1811-1876 Ma). It is obvious that the Neoproterozoic and Paleoproterozoic ages reflect the presence of inherited zircons in the studied samples, which derived from Neoproterozoic and Paleoproterozoic detritus in the basement metasediments of the Tam Dao region, known as the Thac Ba basement Formation. Such ages have also been found for the basement of the Lo Gam zone, adjacent to the Tam Dao region (Fig. 1) (Zelazniewicz, et al., 2013) , and in the basement of the South China Block (e.g., Hu, 1994; Gan et al., 1995, Hu and Liu, 2002; Zhang et al., 2006; Chen et al., 2007; Yu et al., 2009; Li, 2011) . The Paleoproterozoic era of 1900-1700 Ma has been regarded as an important period of crustal growth in the Cathaysia Block (e.g., Gan et al., 1995; Yu et al., 2009) . Overall, results of our study and of previously published work confirm the existence of the Precambrian basement in the study area.
The Thien Ke granite could have been emplaced either during Paleozoic or Mesozoic times. It could be argued that this granite was formed during the Mesozoic and that all of the zircons with Paleozoic age were derived from older Paleozoic crustal material. This is, however, inconsistent with distribution of zircon ages and their internal structure. A total of thirty-seven grains from the two granite samples were analyzed and most of them yielded Late Ordovician-Early Silurian ages. Only four yielded 206 Pb/ 238 U ages of 201 to 266 Ma, and these zircons exhibit significant amounts of rims with CL-dark and uniform luminosity (Fig. 8, grains 07 , 10, and 17). Those zircon rims were formed by replacement of euhedral grains. Recrystallization of the marginal portions of the zircons during Permian-Early Triassic can be inferred from the absence of zoning (Pidgeon, 1992) . (Roger et al., 2000) .
We interpret the Thien Ke granite as being an Early Paleozoic melt product of Paleoproterozoic and Neoproterozoic basement metasediments. Zircons with this age have long and prismatic morphology and magmatic oscillatory zoning, indicating an igneous origin (Fig. 8) . Figures 9a and 9b show that most of the analyzed zircon grains from the two samples plot on or near the concordia curve and gave average 206 Pb/ 238 U ages of 449 ± 12 and 456 ± 28 Ma. The consistent ages obtained from U-Pb zircon data, in combination with the internal structures of zircons revealed by CL images, allow us to conclude that crystallization of the Thien Ke pluton took place during the Late Ordovician-Early Silurian at 449-456 Ma. These ages have been reported for many granitoid plutons in the 'Caledonian' SE China granitic fold belt (e.g., Wu and Zhang, 2003; Lou et al., 2005; Wu, 2005; Wang et al., 2006; Chen et al., 2007; Li, 2011) , in the Song Chay metamorphic dome of northern Vietnam (e.g., Roger et al., 2000) and in central Vietnam (e.g., Nakano, et al., 2013) .
The Song Chay granite is two-mica, high-K, peraluminous (ASI = 1.2), and S-type granite (Zelazniewicz et al., 2013) . Analytical results from our study show that geochemical characteristics of the Thien Ke granite are very similar to those of the S-type granite of the Song Chay complex, which is exposed on SW side of the Thien Ke pluton (Fig. 2) and was dated at 430 ± 5 Ma (Roger et al., 2000; Carter et al., 2001; Maluski et al., 2001) . These imply that the Thien Ke and Song Chay granites are coeval and that they developed via partial melting of similar rocks in the crust during Early Paleozoic time. This is also supported by work from Zelazniewicz et al. (2013) , who reported an Early Paleozoic tectonothermal event in the Lo Gam zone, adjacent to the Tam Dao region (Fig. 1) , contemporaneous with the emplacement of the Song Chay granite. Combining geochemistry and geochronology from our study and from previous work, the Thien Ke pluton can be considered as part of the Song Chay complex and it represents the westernmost prong of the 'Caledonian' South China fold belt. Our new U-Pb zircon age data for the Thien Ke granite necessitates a new interpretation of the geology of the Tam Dao region. The Thien Ke pluton should be separated from the Pia Oac complex and assigned to the Song Chay complex. Furthermore, the emplacement age of other plutons from the Pia Oac complex needs to be reexamined by further precise age dating.
Implications for the Early Paleozoic magmatism and tectonic setting
The Thien Ke pluton was previously dated at about 65
Ma by the K-Ar biotite method and was interpreted as a product of the collision between the Indian and Asian plates during late Cretaceous to Paleogene time (e.g., Izokh, 1965; Anh et al., 2002; Sao and Kiem 2004) . Our single zircon U-Pb dating study yields a significantly older age of around 450 Ma for the crystallization time of the granite. Such age can be comparable to the inferred ages of many granitic batholiths in the 'Caledonian' South China fold belt. Early Paleozoic magmatism (e.g., the approximately 460 Ma old Dongpu granite) has also been identified in eastern Tibet (Li et al., 2002) , western Yuannan (Chen et al., 2007) , and in the Cathaysia Block (e.g., Zeng and Liao, 2000; Wu and Zhang, 2003; Lou et al., 2005; Wang et al., 2007; Guo et al., 2009) . U-Pb zircon data of our study point to Early Paleozoic magmatism in the study area, which produced the 449-456 Ma Thien Ke granite. Thus, the Caledonian tectonothermal event was not restricted to SE China, but can be extended to the northeastern part of Vietnam. A similar inference was also made from the study on granites of the Laojunshan-Song Chay area (Roger et al., 2000; Carter et al., 2001; Guo et al., 2009) .
In summary, new results from our study, in combination with previous publications, suggest that the Song Chay and Thien Ke granites appear to represent the westernmost prong of the 'Caledonian' South China fold belt that formed during the Early Paleozoic tectonothermal event. This event was followed by a tectonothermal overprint that took place during the Late Permian-Early Triassic, as recorded by some younger zircon overgrowths with Mesozoic age . This also corresponds to the estimated time of the intrusion of the Nui Dieng granite (Thuy and Chung, 2013) and is coeval with volcanic rocks of the Tam Dao Formation (Zelazniewicz et al., 2013) .
CONCLUSIONS
The Thien Ke granite in the Tam Dao region displays typical features of S-type granite and belongs to the high-K calc-alkaline series. The geochemical and NdSr-Pb isotopic characteristics suggest that the Thien Ke granite was generated from partial melting of continental crustal rocks, including metasediments of the Thac Ba Formation.
LA-ICP-MS zircon U-Pb dating provides the first reliable emplacement age of the Thien Ke granite at 450 Ma. This age points to the existence of the Early Paleozoic magmatism in the study area. Consequently, the Caledonian tectonothermal event was not spatially restricted to SE China, but extended to the northeastern part of Vietnam. The Thien Ke and Song Chay granites ap-pear to represent the westernmost prong of the 'Caledonian' South China fold belt.
The Nd-Sr isotopic features and Paleoproterozoic to Neoproterozoic inherited zircons of the Thien Ke granite imply the existence of Paleoproterozoic to Neoproterozoic crustal material within the underlying basement.
